ABSTRACT: The Prairie Pothole Region (PPR) of the northern Great Plains is a vital ecosystem responsible each year for producing 50%-80% of new recruits to the North American duck population. Climate variability and change can impact the hydrology and ecology of the region with implications for waterfowl populations. The historical relationship between PPR wetlands, duck Pond and duck numbers tend to increase in spring following La Niña events, but the correlation is not strong. Model simulations suggest that the strengthening of the precipitation gradient across the PPR over the past century is predominantly due to natural variability and therefore could reverse. Model projections of future climate indicate precipitation will increase across the PPR in all seasons except summer, but this gain for surface moisture is largely offset by increased evapotranspiration because of higher temperatures and increased atmospheric evaporative demand. In summer, the combined effects of warming and precipitation changes indicate seasonal surface drying in the future. The presented hydroclimate analyses produce potential inputs to ecological and hydrological simulations of PPR wetlands to inform risk analysis of how this North American waterfowl habitat will evolve in the future, providing guidance to land managers facing conservation decisions.
Introduction
The Prairie Pothole Region (PPR) contains between 5 and 8 million wetland basins in small depressions left behind by the most recent Pleistocene glaciation. The PPR provides immense biological and ecosystem services to our society (Johnson et al. 2010) . First and foremost, the region acts as an ideal waterfowl breeding habitat, producing 50%-80% of North American ducks in late spring and summer (Batt et al. 1989 ). This 800 000 km 2 region spans five states (Montana, North Dakota, South Dakota, Iowa, and Minnesota) and three Canadian provinces (Manitoba, Saskatchewan, and Alberta) (Batt et al. 1989) . Besides being the ''duck factory'' of North America and ''the single most productive habitat for waterfowl in the world'' (Johnson et al. 2005 ), the PPR is also an important habitat for insects, amphibians, and other migratory birds (Sorenson et al. 1998) . The PPR has economic implications as well. In 2006, expenditures by an estimated 1.3 million waterfowl hunters in the United States totaled over $900 million, supporting over 27 000 jobs (Carver 2006) . Additionally, wetland restoration is an option for carbon sequestration projects, with restoration in the Canadian PPR having a sequestration potential of 3.25 Mg CO 2 eq ha 1 yr 1 (Badiou et al. 2011 ). The PPR, like many other wetlands, has been severely degraded and is one of the most threatened ecosystems in North America (Badiou et al. 2011) . Drainage of the potholes first occurred when Europeans settled the area in the late nineteenth century in order to make the land more viable for crop production and ease maneuverability constraints on large machinery (Johnson et al. 2008; Johnston 2013 ). In the United States, every PPR state has lost over a quarter of its original wetlands, with Minnesota and Iowa the most affected, having less than 15% of their original wetlands (Johnson et al. 2008; Dahl 1990) . Recognizing the damaging effects of drainage on wildlife, the 1985 Food Security Act and subsequent farm bills included a provision referred to as ''Swampbuster,'' which greatly restricts future tillage projects (Gleason et al. 2011) . Monitoring and enforcement of the rules have not been vigorous, however, and demand for biofuels is renewing interest in agricultural development (Johnson et al. 2008; Johnston 2013) . Additionally, PPR potholes are important carbon sinks, and drainage of wetlands leads to rapid releases of CO 2 to the atmosphere (Badiou et al. 2011) . Furthermore, the recent surge in oil and gas extraction from the Bakken formation has led to concerns over wetland groundwater contamination as well (Preston et al. 2014 ). Given the above considerations and the long list of stakeholders that they involve, including conservationists, hunters, homeowners, farmers, local municipalities, and the waterfowl themselves, the future of the PPR, its dependence on climate, and the expected impacts of climate change on the region require a detailed investigation.
The response of wetland habitat to climate variation can be complex, and the PPR may also be quite sensitive to future changes in precipitation and temperature. Prairie pothole wetlands go through a so-called vegetation cover cycle whereby ponds within the basin go from extensive open water with little surrounding vegetation during wet years to little open water surrounded by extensive marsh and emergent cover in drier years. This cycle of plant turnover helps to maintain biodiversity and recycle nutrients (Johnson et al. 2010) . Areas in the wetter east of the PPR tend to have long cover cycles and longer sustained high water levels that are, nonetheless, less rich in waterfowl while areas in the drier west of the PPR can often persist in the dry stage and be equally unproductive. Ideal conditions for waterfowl breeding appear to have relatively short cover cycles that exists somewhere in between these two end members. Analyses using weather station data have shown that, over the past century, the zonal precipitation gradient across the PPR has steepened as precipitation has increased in the southeastern part of the PPR and less so or even declined in the northwestern part, shifting optimal waterfowl habitat east (Millett et al. 2009 ). It is in the east, however, that a higher proportion of wetlands have been drained for farming and where such pressures continue to create challenges for managers who seek to protect and maintain habitat.
Some previous studies have attempted to determine the impacts of future climate change on the PPR but, to date, none have used projections from the most recent climate model projections. Sorenson et al. (1998) used warming scenarios based on a previous generation of climate model projections in regression and wetland simulation models to analyze future change. They predicted over a 50% reduction in ponds and duck populations by 2060. More recent studies (Johnson et al. 2005 (Johnson et al. , 2010 did not use climate model projections but instead used idealized climate scenarios with temporally and spatially uniform imposed temperature and precipitation changes to drive wetland models. These studies indicate that warming alone would tend to make the wetter eastern regions more favorable for waterfowl as cover cycles shorten. Farther west, significant increases in precipitation will be required to match the increased evaporative demand of a warmer climate, threatening the current westward extent of the PPR wetlands (Larson 1995; Sorenson et al. 1998; Johnson et al. 2005) .
Given the limitations of these studies, there remain significant knowledge gaps regarding hydroclimate variability and change in the PPR. The most recent studies, while conducting detailed wetlands simulations, only looked at the response to changes in temperature and precipitation that were spatially and temporally uniform rather than actual projections of climate models. Climate change will nevertheless vary spatially and by season, and ducks make use of the wetlands on a seasonal basis. These considerations motivate the current study, which provides the following:
(i) a detailed analysis of the changes in seasonal precipitation over past decades-in particular the trend to wetter conditions-and an assessment of whether they has been caused by natural climate variability or humandriven climate change and (ii) the first detailed seasonal analyses of projections of hydroclimate in the PPR using the latest simulations from phase 5 of the Coupled Model Intercomparison Project Phase (CMIP5) performed in conjunction with the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report.
Consequently, this current study is the first attempt to incorporate the CMIP5 simulations into our understanding of impacts on the PPR, analyzing both past hydroclimate variability and future hydroclimate change on a seasonally and spatially varying basis. This sets aside the problem of the complex response of wetlands to climate change and effectively considers just the atmospheric driver of variability and change in the PPR. We present trends and variability assessments for a suite of climate variables (temperature, precipitation, and Palmer drought severity index) from the twentieth century and relate them to both duck populations and pond counts. We show that there are decadal shifts in pond numbers that correlate with a shift to wetter conditions in the mid-1990s. We then consider whether interannual and decadal signals, such as the El Niño-Southern Oscillation (ENSO) or the Pacific decadal oscillation, are the drivers of climate in the region. Whether there are sources of predictability is important to land managers and wildlife biologists hoping to make predictions in the next year and beyond. We therefore will analyze whether the recent wet trend is due to natural variability or may be attributed to the rise in greenhouse gases, an important assessment regarding predictability in the region. Additionally, we will analyze climate model projections of changes in hydroclimate in the PPR region through the mid-twenty-first century, which has not been done since 1998 (Sorenson et al. 1998 ).
Data and methods
Climate and its variability in the PPR vary significantly in space. The northwest PPR is generally cooler and drier, whereas the southeast PPR is generally warmer and wetter. Consequently, the PPR was separated into two regions for analysis: the northwest and the southeast (Figure 1 ). The northwest PPR contains most of the region in Canada and extends into Montana while the southeast PPR contains most of the region in the United States and the additional Canadian region in Manitoba. The specific boundary between the northwest and southeast PPR corresponds to the strata boundaries used in aerial surveys (see below) and also divides the PPR into roughly equally sized regions.
The Waterfowl Breeding Population and Habitat Survey, conducted each May by the Canadian Wildlife Service and the U.S. Fish and Wildlife Service, estimates various duck populations and habitat conditions across much of Canada and the northern United States (the method is described in USFWS/CWS 1987), as seen in Figure 2 (which is taken from https://migbirdapps.fws.gov/mbdc/ databases/mas/WBPHS_2010_strata_map.pdf). Surveys are conducted via lowflying planes, recording not only the number and species of ducks but also the number of water bodies crossed by the plane's transect (Smith 1995) . Water bodies that are likely to contain water into the summer are included in the aerial survey, such as type III, IV, and V wetlands, representing seasonal, semipermanent, and permanent basins, respectively, as well as streams, rivers, and artificial water basins (Shaw and Fredine 1956) . These water bodies, referred to as May ponds, are used as the primary measurement of waterfowl habitat quantity and quality (Batt et al. 1989) .
The aerial surveys began in the PPR region in 1955, but a visibility correction factor for the number of ponds was not integrated until 1974. We therefore use duck populations from 1955 to 2012 and May ponds counts from 1974 to 2012 (Smith 1995) . Twelve duck species 1 are included in the analysis as an estimate for the total number of ducks in the PPR. The aerial surveys are separated into several geographic strata (Figure 2 ), and estimates of total ducks and ponds within each strata are calculated based on the survey results (Smith 1995) . Strata within the defined northwest PPR and southeast PPR regions were averaged to yield a single annual value for both the total duck population and May pond counts within each region. However, it should be noted that the survey does not include portions of the southeast PPR in Minnesota and Iowa where few wetlands remain.
Monthly climate data, with the exception of the Palmer drought severity index (PDSI), were averaged into four seasons: winter (December-February), spring (March-May), summer (June-August), and fall (September-November). Monthly precipitation rates were obtained from the Global Precipitation Climatology Centre (GPCC) analysis (Schneider et al. 2011) , surface temperature is from the Climatic Research Unit (CRU) of the University of East Anglia (Harris et al. 2014) , selfcalibrating PDSI is based on the CRU time-series (TS) 3.10.01 datasets from van der Schrier et al. (2013) , and sea surface temperature anomalies are from Kaplan et al. (1998) .
Future precipitation, temperature, and precipitation minus evapotranspiration were analyzed using 37 radiatively forced climate models from CMIP5. We analyze the projections that were forced with the representative concentration pathway 8.5 (RCP8.5) emissions scenario that assumes an 8.5 W m 22 increase in radiative forcing by 2100 because of rising greenhouse gas concentrations. This is CMIP5's high-end emissions scenario [the high-end scenario for CMIP3 was Special Report on Emission Scenarios (SRES) A2] and was chosen to reflect the absence of any international agreement to limit greenhouse gas emissions. Simulations of the historical period from 41 models forced by known and estimated changes in greenhouse gases, solar irradiance, volcanism, aerosols, and land-use changes were also analyzed. 2 Every model simulation in the CMIP5 archive was begun with different initial conditions and hence contains a different sequence of internally generated weather variability that is uncorrelated with the variability in all the other simulations with the same and other models. In contrast, for a given emissions scenario, all the simulations are forced by exactly the same sequence of trace gas radiative forcing and, with some differences, changes in natural (e.g., volcanic) and anthropogenic aerosols. Hence, by averaging over all the model simulations, the variability due to weather is greatly diminished, leaving behind the climate response to the common radiative forcing in the multimodel ensemble mean. Here we analyzed one run per model, which weights the models equally.
3. Climatological seasonal cycle of precipitation and surface air temperature across the PPR and its representation in climate models
Before considering hydroclimate variability and change, we begin by looking at the seasonal cycle of precipitation and surface air temperature in the PPR region ) with carbon cycling (NorESM1-ME); and NorESM1-M. For the projections the same models minus CESM1(CAM5.1-FV2), CESM1(FASTCHEM), HadCM3 and MPI-ESM-P were used. This constituted all the models for which the needed data were available at the time the study started. (Figure 3 ). For both the northwest and the southeast PPR, the observed precipitation has a clear seasonal cycle with a maximum in June and with the southeast being wetter than the northwest. Figure 3 also shows the climatological seasonal cycles from the historical simulations of all of the models analyzed. Most of the models reproduce this seasonal cycle well, although there are a handful of notably erroneous models. The multimodel mean, shown as a dark dashed line, is very realistic, albeit with a modest wet bias. Temperature is less variable than precipitation across the PPR and hence this is shown for an all-PPR average and shows a simple seasonal cycle with a maximum in July. This temperature seasonal cycle is very well reproduced in the historical simulations with the models and with considerable model agreement. Because we will be using CMIP5 climate models to assess the role of climate change in observed PPR hydroclimate history to date and for projections of the future, this level of agreement between models and observations is encouraging. A detailed analysis of the CMIP5 moisture budgets over North America and a comparison to that in the Interim European Centre for Medium-Range Weather Forecasts Re-Analysis can be found in Seager et al. (2014) and again shows reasonable model fidelity in the simulation of the moisture budget, and its relation to atmospheric circulation, in the region.
4. Precipitation and temperature history in the PPR over the past century Figure 4 shows precipitation histories of the northwest and southeast PPR subregions for each season using the entire history of the GPCC data from 1901 to 2010. Interannual to multidecadal variability of precipitation is clearly evident in all seasons with the strongest amplitude of variation occurring in the summer. It is also clear that variations are not consistent across the PPR. For example, in winter [December-February (DJF)], the overall wet period in the 1960s and 1970s in the northwest was not evident in the southeast. In terms of changes over recent decades, precipitation over the northwest PPR has reduced and over the southeast PPR has modestly increased in winter, while there has been a notable wetting trend over the southeast PPR in spring. The southeast PPR has also seen increasing precipitation in fall. In preparation for the discussion to follow, note that there was a widespread (though not unprecedented) drought in the late 1980s to around 1990, which is especially obvious in the southeast PPR. Temperature variability was highly correlated between the northwest and southeast PPR; hence, in Figure 5 we show the temperature histories by season for the entire PPR. Most striking are the post-1980s winter warming, the secular warming in spring to a maximum in the 1980s and some cooling subsequently, and the cool summers in the first two decades of the twentieth century.
Relationships over past decades between climate, pond numbers, and duck populations in the Prairie Pothole Region
To motivate the remainder of this paper, which is focused on hydroclimate variability and change in the PPR, we next present evidence of the correlations between climate, ponds, and ducks. Controls on duck populations are quite complex and climate is not the only influence. The climate influence nonetheless works through the prevalence and character of ponds. For example, temporary and seasonal ponds are important to migrating waterfowl because they warm faster in the spring than the larger, deeper water bodies that can remain frozen, resulting in a higher recruitment of ducks (Johnson et al. 2008) . Additionally, mink, a common predator, prefer permanent and semipermanent ponds also making temporary and seasonal wetlands important habitats for duck recruitment (Arnold et al. 1990; Krapu et al. 2004) . Grasslands surrounding potholes are important habitat for nesting for some species (but not the focus of this analysis). Once ducklings hatch, however, female ducks often move their ducklings to semipermanent wetlands for brood rearing, due in part to the fact that the original water bodies may have become dry (Johnson et al. 1997 (Johnson et al. , 2008 . Preferences for certain habitat conditions also vary from species to species. For example, diving ducks, such as canvasbacks and redheads, prefer deeper wetlands for breeding habitat (Johnson et al. 1997) . Adding to the complexity of modeling relationships between ponds and ducks, wetland selection is dependent on a multitude of other factors, including wetland-cover type, emergent vegetation characteristics, and interactions among other ducks (Raven et al. 2007 ). All of these factors are dynamic, with periods of drought and deluge having significant impacts on both the vegetation and chemistry of potholes (Labaugh et al. 1996) . As demonstrated below and in previous studies, however, there is a clear association between duck populations, numbers of ponds, and climate.
5.1. Decadal shifts in numbers of ponds and duck populations in the PPR Figure 6 shows time series of duck numbers (from 1955) and pond numbers (from 1974) for the PPR. With the exception of the mid-1970s in the southeast, there is a good agreement between duck and pond numbers, indicating the influence that environmental conditions have on waterfowl populations. This has been noted before (e.g., Niemuth and Solberg 2003; Johnson et al. 2005 ), but here results are shown for total ducks (i.e., all species) with data also extending to 2012. The multiyear drought in the late 1980s to around 1990 (which included the 1988 drought; Trenberth and Guillemot 1996; Seager and Hoerling 2014) was associated with a drop in duck and pond numbers across the PPR. After that, duck populations increased significantly in both the northwest PPR and southeast PPR, with the latter region seeing the greatest subsequent increase. This increase was clearly evident among mallards, as shown in Figure 7 , although it was not uniform across all 12 species. The southeast PPR recruited a larger proportion of the total mallard population after 1990 than before (Figure 7 ). This postdrought shift in the 1990s matches quite well the distribution of ponds. For example, in the southeast PPR, Devil's Lake in North Dakota has seen considerable and sustained increases in inflow from the mid-1990s to the present (Vecchia 2008) . Unlike the persistence of the positive shift in southeast relative to northwest PPR mallard numbers, however, pond numbers in the southeast PPR declined in the last decade, relative to those in the northwest PPR.
The reason that duck numbers increase with pond numbers and precipitation is the net result of several competing factors. With fewer ponds, ducks must travel longer distances and it can take up to 3 times longer for ducks to get from their nest to the nearby pond, requiring more energy and increasing exposure time to predators (Krapu et al. 2006 ). On the other hand, excessive precipitation might increase pond numbers but be harmful to newborn ducks because the hen will brood her ducklings during rainfall, protecting them from harm yet keeping them from foraging. Also, excessive precipitation can mean fewer invertebrates on the water surface and vegetation following rainfall, making feeding more difficult (Krapu et al. 2000 (Krapu et al. , 2006 .
The decadal shift in the 1990s is related to a shift in hydroclimate. To look at this we somewhat arbitrarily use 1995 as the divider and Figure 8 shows the difference in precipitation for the post-1995 period relative to the pre-1995 period. This shows a shift to overall wetter conditions in the southeast PPR during the spring and fall. This is also evident in the time series in Figure 4 . Although these wetter conditions did not lead to a sustained increase in the relative number of southeastern May ponds relative to those in the northwest, they may have led to other favorable changes in the ecosystem that led to the continuation of large numbers of mallards in the southeast PPR.
Relationship of sea surface temperature variability to duck populations and pond numbers
It is well established that North American hydroclimate is significantly affected by SST variability, especially in the tropical Pacific Ocean (e.g., Kiladis and Diaz 1989). For example, El Niño conditions, via atmospheric teleconnections, typically make southern parts of North America wetter than normal and the northwestern United States and southwestern Canada drier than normal. To determine any link to SST variability, the time series of duck populations and pond counts in May were correlated with time series of global SST in prior seasons. It was found that correlations between ducks, ponds, and SST variability were highest for SSTs in the previous winter. This is consistent with strong correlations between tropical Pacific SSTs and North American climate in that season (Kumar and Hoerling 1998) and with winter precipitation and temperature variations influencing spring moisture conditions in this region where most winter precipitation falls as snow and melts in spring. Maps of the correlation coefficient between May pond and duck numbers and December to February SST anomalies are shown in Figure 9 with positive (negative) coefficients indicating that high (low) duck population or pond numbers are associated with warmer (cooler) than normal SSTs at that location. There is a weak correlation with a La Niña-like or cold tropical Pacific phase of Pacific decadal variability in the previous winter season for pond counts across the PPR and for duck populations in the northwest PPR (Figure 9 ). This association also seems to hold for duck numbers in the southeast PPR, but the shift to higher numbers in the 1990s was coincident with global ocean warming and hence large areas of positive correlation between duck numbers and SST obscure this signal. Figure 9 also shows maps of the correlation coefficient between time series of PDSI in the two PPR regions with time series of SST. It is seen that high values of PDSI (wet conditions) are very weakly correlated with cold tropical Pacific SSTs. To the extent these relations hold, it is because cooler than normal SSTs in the Pacific Ocean in winter force atmospheric circulation anomalies that generate cooler temperatures throughout the PPR and increased precipitation in the northwest PPR (not shown). Cooling and wetting would be expected to increase pond numbers and, potentially, duck numbers. All these correlations are weak, however, which is likely associated with the fact that the PPR region lies close to a nodal line between opposite-sign tropical Pacific-driven precipitation anomalies to its north and south (e.g., Kiladis and Diaz 1989; Seager et al. 2005) . Correlations between duck and pond numbers and tropospheric geopotential height fields (not shown) also show the weak connection to the tropical Pacific Ocean and do not show a role for other patterns of circulation variability (e.g., the Arctic Oscillation).
Relationships between Palmer drought severity index, pond numbers, and duck populations
Despite the limited influence of the oceans, May pond numbers and duck populations are closely linked to the May PDSI (Figure 10 ). The PDSI is an index of moisture availability in the soil and is influenced by both temperature (via evapotranspiration) and precipitation. May PDSI will reflect the accumulated influence of precipitation and temperature over the previous winter and into the spring and is therefore logically related to the number of ponds. May PDSI and duck populations have weaker correlations, but there is still a clear relationship.
The large increase in southeast PPR duck populations is correlated with sustained wetter conditions following the drought in the late 1980s to around 1990. Other seasonal combinations of PDSI were analyzed (e.g., winter PDSI), but the May PDSI had by far the strongest connection to duck and pond numbers. Further investigation showed that both temperature and precipitation individually correlated with the number of May ponds but not as strongly as their combined effect in PDSI. In general, increased temperature had a negative impact on pond counts and increased precipitation in every season except summer was linked to increased May pond numbers. All correlations were weaker for duck numbers, as expected because of the numerous other factors impacting duck success. Furthermore, it is likely that there is a lag effect of climate on population because a year with poor conditions for duck nesting and rearing would not be reflected in the population counts until the following year. Associating duck numbers with climate in previous years or examining the year-to-year change in duck numbers did not, however, lead to consistently improved correlations with climate variables.
Explaining past PPR hydroclimate trends: Natural variability or climate change?
The prior literature on climate and the PPR has often mentioned the strengthening over recent decades of the climatological precipitation gradient between the wetter eastern part and the drier western part of the region (e.g., Johnson et al. 2005) . However, these studies did not address whether the strengthening gradient arose from natural variability and hence could reverse or was a response to rising greenhouse gases and, consequently, might be expected to continue. We therefore analyzed trends in precipitation over the longest period possible from 1901 to 2005 for the two regions and for each season. Trends over the same period were also calculated for one ensemble member of the historical simulations of 41 climate models participating in CMIP5 (Figure 11 ). The northwest PPR has seen little change in observed (from GPCC) precipitation while the southeast PPR has seen increases in observed precipitation in spring, summer, and fall by as much as 10% per century; winter precipitation in the southeast PPR has decreased by the same magnitude. These regional changes have yielded a strengthening of the climatological precipitation gradient and are one reason why previous studies (Millett et al. 2009 ) have suggested the most productive regions of the PPR may shift toward the southeast PPR.
Despite the observed changes in the two PPR regions, the CMIP5 model simulations indicate the wetting trend in the southeast PPR does not appear to be primarily a result of climate change. The best estimate of the radiatively forced changes in precipitation to date is the multimodel mean of the historical simulations of the CMIP5 models (see section 2 for an explanation of why this is so). In Figure 11 we show the multimodel mean, representing the models' response to changes in radiative forcing, as well as the projections from the individual model runs, which include both the forced response and modeled internal variability. The trends of the individual runs are spread in a quite balanced way between wetting and drying and in both regions and in all seasons the observed trend is within the model spread. Furthermore, the mean of the model trends is close to zero. This leads to two conclusions: First, the observed precipitation trends are within the range of what models suggest could be generated by internal climate variability alone. Second, the near-zero multimodel means suggest that changes in radiative forcing to date have caused relatively little change in precipitation. The one exception to this second conclusion is the southeast PPR in spring. Here, because the multimodel mean trend is positive and the trends in the individual runs are mostly positive, the model simulations suggest that increased radiative forcing has caused an increase in precipitation. Even so, this forced response, as represented by the multimodel mean, is only about half the strength of the observed wetting trend in spring in the southeast PPR. This is consistent with the observed wetting trend in the southeast PPR in spring being a mix of a forced response that is augmented by natural variability. In contrast, during summer and fall, because the multimodel means are close to zero and the spreads of the trends of the individual simulations are not preferentially wet, the models suggest that the observed wetting trends are most likely due to natural climate variability alone. Trends that have arisen from natural variability, as opposed to a response to increasing greenhouse gas radiative forcing, could conceivably reverse in the future.
Model projections of future hydroclimate of the PPR
While the past climate variations in the PPR region have likely been dominated by natural variability, the problem of human-induced climate change is a real one, and it is important to determine what this implies for the future of the PPR. Prior work has shown that the CMIP5 models project wetter conditions for coming decades in the northern United States in the cold season but drier conditions across most of central and northern North America in summer (Seager et al. 2013 ). Here we revisit these projections focusing in on the PPR.
Maps of the precipitation trends projected for the 55-yr period from 2006 to 2060, using the 37-model ensemble mean, are shown in Figure 12 . This mean primarily represents the change expected from increased greenhouse gases in the atmosphere and projects precipitation increases in the winter, spring, and fall with the largest increase in the spring. Summer precipitation is expected to stay roughly the same in the northwest PPR and slightly decrease in the southeast PPR. These magnitudes of change are comparable to the observed trends from 1901 to 2005. There do not appear to be large differences between the projected changes in the northwest and southeast PPR.
The PPR is also projected to become much warmer, with a 38-48C warming trend from 2006 to 2060 (Figure 13 ). Warming is highest in the winter on the northeastern fringes of the PPR due to the equatorward expression of the polar amplification warming signal. These increases in temperature will lead to higher rates of evapotranspiration. To assess the impact of both rising temperatures and precipitation changes, we examine the changes in precipitation minus evapotranspiration (P 2 E) with positive (negative) values implying increased (decreased) net fluxes of water from the atmosphere to the surface. Projections of Figure 12 , but for projected change in surface air temperature in degrees Celsius.
P 2 E for the same 2006-60 period show that much of the increases in precipitation are, from the perspective of surface moisture balance, offset by the increases in E driven by increases in temperature ( Figure 12 ). There is still a net wetting trend in the winter and spring, albeit smaller, but the summer shows a distinct drying trend throughout the PPR. The fall shows relatively little change in P 2 E. The projected changes in P 2 E are quite spatially uniform but do suggest that increasing moisture will prevail in the southeast PPR in spring while the summer drying will impact all parts of the PPR. Finally, to provide an assessment of how the forced change in precipitation compares to past changes and to modeled internal variability, Figure 14 presents histograms, analogous to Figure 11 , of the projected changes in precipitation from runs of the 37 models. In both the northwest and southeast PPR in winter and spring, there is considerable model agreement (in the sense that a clear majority of models have wet trends and the multimodel mean trend is also to wetter conditions) that precipitation will increase. In contrast, the models suggest little change in summer and fall. These seasonal changes in P are why the effects of warming generate widespread negative changes in P 2 E only in summer and fall.
The question also arises of whether, despite the mean changes over the coming decades, hydroclimate conditions in the extreme years do not change. We also analyzed this by computing for every model the P 2 E averaged across the wettest 5%, 10%, and 25% of seasons for the 1901-2005 period and then again for the 2006-60 period. The largest change in mean P 2 E is the drying in the summer season in both the northwest and southeast PPR. In both regions this mean reduction was accompanied by a reduction in P 2 E in the wettest years (not shown). Therefore, mean drying in summer is accompanied by a drying of the wettest summers as well.
Conclusions and discussion
The Prairie Pothole Region is the most productive waterfowl habitat in the world and critical for North America's duck populations, making climate change in the region of great interest and importance. Millions of ducks migrate to the region in spring to breed and raise their young in subsequent months. The breeding success of the waterfowl depends on millions of permanent, semipermanent, and temporary ponds located within glacial potholes. The number of these ponds-and hence the duck populations that they support-is dependent on variations in precipitation and temperature (which influences evaporation from the ponds and evapotranspiration from inflow watersheds). Here we have examined past climate variations and their links to pond and duck numbers and also looked at future climate projections for the region. Our conclusions are as follows:
d The numbers of ponds and duck populations in May in the PPR agree quite well over recent decades. That the pond numbers respond to climate variations corroborates the importance of climate variability and change for future duck populations in the region. The multiyear drought in the late 1980s to around 1990 was associated with a shift of duck populations to the wetter southeast PPR. Indeed, even after pond numbers recovered in the northwest PPR after the drought, mallard numbers remained at increased levels in the southeast, which now holds about 40% of the total mallard population as opposed to under 20% before the drought. d The pond and duck numbers in May are weakly related to cold conditions in the tropical Pacific Ocean in the preceding winters. This occurs as part of the teleconnection between the El Niño-Southern Oscillation with La Niña conditions leading to drier conditions in southern North America and wetter conditions in northern North America. The PPR is in the wetter than normal region during La Niña events but close to the nodal line, and hence the correlations are weak. Consequently, there will be little skill in prediction of seasonal pond and duck numbers in the PPR based on seasonal prediction of prior SSTs and their impacts on precipitation and temperature across the PPR. d The May pond and duck numbers are closely related to the May Palmer drought severity index, a measure of surface moisture availability, as previously noted for a shorter period by Sorenson et al. (1998) . This indicates a climate control on the ''duck factory,'' even if only a modest fraction of the important climate variability is controlled by ocean variations. More research, informed by biological and ecological considerations, is needed to assess whether duck populations can be more closely correlated with climate variability. d Over past decades, precipitation amounts in the northwest PPR have been relatively stable but the southeast PPR has become wetter in all seasons other than winter. This wet trend is not strongly influenced by radiatively forced climate change. According to the CMIP5 models, radiatively forced change may have contributed perhaps half of the wet trend in spring, but the contribution in other seasons is negligible. The observed trends are within the range of what the models indicate can occur from natural climate variability. Therefore, we conclude that past changes, including wetting trends in the southeast PPR, have been dominated by natural climate variability. Extrapolating observed trends into the future is thus not warranted. d The CMIP5 models project that precipitation will increase in coming decades across the PPR in all seasons but summer. Maximum increases by 2060 are about 10% in winter and spring but the models also project that, due to rising temperatures, the change in precipitation minus evapotranspiration, P 2 E, is much less and even negative in the summer. These changes are quite uniform across the PPR.
Our findings that temperature and precipitation variability have a large impact on PPR wetland and waterfowl dynamics confirm previous studies. In dry years, the number of ponds decreases. For example, during the multiyear drought in the late 1980s to around 1990 the number of ponds and ducks dropped in lockstep. Presumably this is because under drier conditions basins that would normally act as semipermanent bodies may behave as seasonal wetlands, and many seasonal wetlands may act as temporary wetlands, drying within 3 weeks (Johnson et al. 2010) . This has an overall negative impact on the duck populations, given their positive correlation with the number of PPR wetlands (Batt et al. 1989; Krapu et al. 2000; Niemuth and Solberg 2003) . The opposite occurs during deluge years, with not only increased wetlands but also more wetlands that last into midsummer. This is usually accompanied by a surge in duck populations (Johnson et al. 2008) .
Despite this close correspondence between ducks, ponds, and climate, it should not be assumed that past changes will continue into the future. Analysis of climate models suggests that the past changes have occurred primarily because of natural climate variability, with the effects of human-induced climate change limited to a modest wetting of the southeast PPR in spring. On the other hand, as humaninduced climate change gains strength, the PPR will see both increased precipitation (except in summer) and increased temperature. Net moisture fluxes at the surface will be positive in winter but negative in summer and quite uniform across the PPR. The climatological gradient from wet to dry going from east to west is therefore not expected to intensify or weaken as a result of climate change.
The implications for the potholes and waterfowl are not immediately clear. Overall wetting in the drier western region might make ponds more biologically productive and do the opposite in the wetter east by lengthening cover times. Overall drying would probably favor the eastern potholes (Johnson et al. 2005 (Johnson et al. , 2010 . The projected changes are, however, seasonally variable, making simple inferences difficult to establish. This reality points to the need to use the climate projections presented here as drivers for hydrological-ecological models of the potholes landscape as in Johnson et al. (2005 Johnson et al. ( , 2010 , something that is eminently doable in the near term. The current work indicates that the climate change assumptions made in prior work were not good approximations of the changes that state-of-the-art climate models project, highlighting both the need and achievability of improved projections of hydrological and ecological change in this important region.
